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INTRODUCTION

Estrogen is a key regulator for normal growth and differentiation of mammary glands as
well as the malignant progression of breast cancer (1). Estrogen exerts its effects by binding to
estrogen receptor (ER) that functions as transcription factor controlling cell proliferation and
differentiation (2). Breast tumors that express ER are generally more amenable to endocrine
therapy as compared to ER—negative tumors which exhibit de novo resistance (3). This loss of
ER is transcriptional in nature without a high frequency of deletion, mutation or other structural
changes in ER gene (4). It is suggested that epigenetic modifications of cytosine residues in
DNA and the amino termini of histone proteins are responsible for the silencing of ER
expression in ER-negative breast tumors (5). Since all endocrine therapies are designed to block
ER function in some way, the identification of new therapies or strategies for sensitization of
ER-negative breast cancer cells to SERM treatment has become very important.

Recent studies revealed that distinct coregulatory complexes modulate transcriptional
activity of nuclear receptors. Ligand-bound nuclear receptors recruit multiple
coactivator/corepressor complexes to modulate gene expression (6). Some of these coactivator
complexes possess histone acetyltransferase (HAT) activity and/or histone methyltransferase
activity (7). In addition, nuclear receptors are involved in transrepression and active repression in
the absence and presence of ligand through interactions with various coregulatory complexes
(8).While the role of coactivators for ER is very well established, the importance of corepressors
is still under investigation. An increasing number of ER corepressors have been reported in last
few years that interact with ER in the AF-1, DBD (DNA binding domain) /hinge, and LBD
(ligand binding domain)/AF-2 regions (9). SERMs such as tamoxifen are thought to inhibit ER
function by passive processes such as repositioning of helix 12 thereby blocking the coactivator
binding as well as active repression via recruitment of corepressor complexes (10). Some studies
have indicated that tamoxifen bound ER might interact with corepressor complexes containing
histone deacetylase activity (HDAC) leading to chromatin condensation and gene silencing (9).

Three class 1 HDAC-containing multiprotein complexes have been purified and
characterized: the HDACI1/2-containing Sin3 and Mi2/NuRD (nucleosome remodeling and
histone deacetylation) complexes, and the HDAC3-containing NCoR (nuclear receptor

corepressor) complex (11, 12). Some of the components of NuRD complex, such as histone



deacetylases HDAC1 and HDAC?2 and two histone-binding proteins (RbAp46 and RbAp48) are
also found in the Sin3 complex. In addition to histone deacetylase activity, the NuRD complex
has ATP-dependent nucleosome remodeling activity. A distinguishing feature of NuRD is the
presence of metastasis associated proteins MTA1 and/or MTA2. The unique components of the
Sin3 complex include Sin3, SAP18 and SAP30. Specific components of these complexes may
serve to couple them to specific repression systems (11). The NCoR complex was initially found
to be involved in repression associated with unliganded retinoic acid receptor and thyroid
hormone receptor (13). Subsequently, it was shown that ER can also interact with this
corepressor in the presence of antagonist (14). NCoR is associated with HDAC3, TBLI1
(transducin B-like protein) and TBLR1 in large protein complexes (15). Both TBL and TBLR1
might function as histone-binding proteins preferentially binding to histones H2B and H4
through their N-terminal region correlating with their transcriptional repression function (16).
Earlier studies have shown that one mechanism leading to loss of ER expression in ER-
negative breast cancer cells involves epigenetic silencing associated with hypermethylation of
the ER promoter. Treatment of such cells with DNA methyltransferase (DNMT) and/or histone
deacetylase (HDAC) inhibitors leads to demethylation of the ER promoter and reactivation of
ER expression (17, 18). The findings that reactivated ER in ER-negative cells can function as a
transcription factor for ER-responsive genes prompted us to ask whether this can also make
hormone-unresponsive MDA-MB-231 cells receptive to the antagonistic actions of tamoxifen.
Here, we explored this combinatory approach using both HDAC and DNMT inhibitors and
found that it sensitizes ER-negative cells to tamoxifen, leading to inhibition of cell proliferation.
We further examined the modulation of expression of ER target genes in response to both
agonist and antagonist treatment. Using chromatin immunoprecipitation (ChIP) and re-ChIP
analysis to examine the specific components of the corepressor complexes involved in active
repression mediated by antagonist bound reactivated ER, we show recruitment of the NuRD and
NCoR complexes to ER-responsive promoters in response to treatment with tamoxifen.
Interestingly, these multiprotein complexes bind in a distinctive manner and time course analysis
indicates ordered recruitment with the binding of the NCoR complex preceding that of NuRD

complex.



Bopy
The specific objectives of this proposal are:

Task 1. To characterize the chromatin configuration around the estrogen receptor alpha

(ER) promoter in ER-negative and ER-positive human breast cancer cells (months 1-10).

Towards this goal we studied the acetylation status of histones at the ER promoter in the
active and inactive states. We also examined the methylation of histones at key lysine residues at
the ER promoter. We also deciphered the key components of the repressor complex recruited at

the ER promoter in activated vs repressed state. We found that ER promeoter chromatin is

associated with different proteins in active vs. repressed state. The ER-negative MDA-MB-

231 cells with a hypermethylated ER promoter and the ER-positive MCF-7 cells with an
unmethylated ER promoter were used as our model system. Using antibodies against acetylated
H4, acetylated H3, methylated H3-K4, methylated H3-K9, HDAC1, MBD proteins or DNMT
isoforms, formaldehyde cross-linked protein-chromatin complexes were immunoprecipitated

from MCF-7 or MDA-MB-231 cells. The results from the completion of this task were

published in Molecular Endocrinology, 2005.

Task 2. To examine the relationship between DNA hypermethylation and histone

modifications such as acetylation, methylation and phosphorylation as regulators of ER

reactivation in human breast cancer cells using pharmacological inhibitors (months 11 to

18).

Towards accomplishing this goal we defined the optimal treatment strategies for
chromatin modification by performing dose and time curves of demethylating agent and HDAC
inhibitor. We used optimal drug treatments to reactivate estrogen receptor in ER-negative breast
cancer cells and studied the recruitment and release of participating proteins during reactivation

of ER gene. These findings were published in Molecular Endocrinology, 2005. We next

studied the responsiveness of ER-negative breast cancer cells to tamoxifen treatment upon

reactivation of estrogen receptor.

ER reexpression is induced by the HDAC and DNMT inhibitors.

While anti-estrogen therapy targeting estrogen receptor (ER) is the most successful
therapy for breast cancer, a major problem is that its use is limited to ER positive breast cancers

which generally have a better prognosis (1, 3). Since ER-negative breast cancers are more



aggressive (21), alternative combinatorial therapies targeting ER-negative breast cancers are
urgently needed. Earlier studies have shown that the ER promoter is hypermethylated and ER
mRNA is absent in ER-negative breast cancer cells (5). One efficient way for targeted therapy
for ER-negative hormone-independent breast cancers could be to transform ER-negative into
ER-positive breast cancer cells by gene therapy or ER gene reexpression. We used the MDA-
MB-231 breast cancer cells as a model of ER-negative breast cancers. This human cell line is
particularly suitable for pre-clinical studies since it is highly aggressive both in vitro and in vivo

(22).
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Figure 1. Treatment with HDAC and DNMT inhibitors reexpress ER protein and enhanced the
responsiveness to 4-hydroxy tamoxifen in ER-negative MDA-MB-231 cells. A. ER protein reexpression was
analyzed after treatment of MDA-MB-231 cells with 5-aza-dC (2.5uM for 72 h; Aza), TSA (100ng/ml for 12h), or
5-aza-dC and TSA (Aza/TSA) as described in Materials and Methods. ER-positive MCF7 cells were used as
positive control, whereas untreated ER-negative MDA-MB-231 cells were used as negative control. Western
blotting using specific antibodies for ER show ER protein reexpression after 5-aza-dC and TSA treatments in MDA-
MB-231 cells. B. Expression of the ER-responsive gene, PR, was used as an indicator of functionally active ER. RT-
PCR analysis showed PR mRNA reexpression after 5-aza-dC and TSA treatments in MDA-MB-231 cells. The ER
positive prototype, MCF7 cells was used as a positive control. The RT-PCR product of B-actin was included as a
control. C. Growth inhibition by combined 4-hydroxy tamoxifen (1 pM) (Tam) and aza/TSA treatment was assayed
using XTT assay. Both MCF7 and MDA-MB-231 cells were treated with Tam for 24 h prior to assay. In addition
MDA-MB-231 cells were treated with a combination of Aza/TSA as described in figure 1 along with Tam treatment
prior to XTT assay. D. MDA-MB-231 cells were treated as indicated, whole-cell lysates were prepared, fractionated
by SDS-PAGE, transferred to membranes and changes in apoptotic proteins were detected by western blotting with
specific antibodies against cleaved PARP, Caspase 3, Cleaved caspase 3, Bcl-2 and Bax as indicated.



First we analyzed the reversible nature of ER expression in MDA-MB-231 cells using
methylation specific PCR and RT-PCR (data not shown) confirming the previous findings (18)
that the ER CpG island is methylated in MDA-MB-231 cells and treatment with 5-aza-dC/TSA
results in reexpression of ER mRNA. Importantly, we observed the reexpression of ER protein in
MDA-MB-231 cells treated with 5-aza-dC/TSA (Figure 1A). We also observed ER protein
reexpression in MDA-MB-231 cells treated with TSA alone (Figure 1A). TSA induces changes
in histone acetylation resulting in chromatin de-condensation (18) hence TSA treatment results in
ER protein reexpression albeit at low levels. Next, we examined if the reexpressed ER in MDA-
MB-231 cells can act as a functionally active transcription factor and control the expression of
ER responsive genes. As evident in figure 1B, 5-aza-dC/TSA treated ER negative cells induced
greater PR expression as compared to either treatment alone, while untreated cells showed no PR

expression.

Inhibition of HDAC and DNMT activity sensitizes ER-negative breast cancer cells to
estrogen antagonist tamoxifen.

Based on our observation that simultaneous HDAC and DNMT inhibition by TSA and 5-
aza-dC leads to reexpression of ER mRNA and protein in ER-negative breast cancer cells, we
next investigated whether this reexpression could be physiologically linked to tamoxifen
responsiveness. Treatment with TSA and 5-aza-dC rendered ER-negative MDA-MB-231 cells
responsive to tamoxifen (Figure 1C). Combined treatment of MDA-MB-231 cells with TSA and
5-aza-dC along with 1 pM of 4-hydroxy-tamoxifen (Tam) resulted in a significant increase in
cell growth inhibition as compare to cells treated with either 5-aza-dC/TSA combination only or
4-hydroxy-tamoxifen alone. As expected cell proliferation was inhibited considerably in
response to 4-hydroxy-tamoxifen treatment in ER-positive MCF7 cells. It has been shown that
tamoxifen inhibits cell proliferation and induces apoptosis in breast cancer cells (23). Several
apoptosis-associated proteins have been shown to play critical roles in regulating cell death
including caspases, bcl-2 family members and PARP (24). To determine whether these proteins
are involved in tamoxifen induced cell death in MDA-MB-231 cells pre-treated with 5-aza-dC
and TSA, we examined their expression by western blotting. Our results (figure 1D) are in
concurrence with the previous finding (25) that caspase-3 is not expressed in MCF7 cells.

Treatment of MCF7 cells with 4-hydroxy-tamoxifen resulted in PARP cleavage and reduced



expression of Bcl-2 while Bax protein expression remained unaltered. MDA-MB-231 cells
treated with TSA/5-aza-dC in combination with tamoxifen showed cleaved, active caspase 3
along with cleaved PARP, its downstream target. Furthermore, Bcl-2 protein was down-
regulated, and Bax protein expression remained unaltered. Our findings suggest that a
combinatory treatment of ER-negative breast cancer cells with TSA/5-aza-dC along with 4-
hydroxy-tamoxifen induces cell death as indicated by the activation of caspase3 and cleavage of

PARP.

Reexpression of ER in ER-negative cells renders ER-responsive genes responsive to the
antagonistic effects of 4-hydroxy tamoxifen.

Steroid receptors such as ER regulate gene transcription either by binding directly to the
promoter of target genes or by binding indirectly through other transcription factors (1, 2). Genes
regulated through direct ER binding, such as EBAG9 (ER-binding fragment-associated antigen
9) and cathepsin D typically harbor a classical hormone responsive element (HRE) and are
activated slowly (26, 27). In contrast, genes regulated by indirect binding of ER to non-classical
HREs are quickly activated such as c-Myc and IGF-1 (28, 29). We next examined the difference

in agonist vs. antagonist-modulated expression of these genes in our experimental system.

Figure 2. Figure 2 Expression levels of ER-
responsive genes in ER-negative
MCF7 MDA ME 231 cells reexpressing ER in response
' I ' to 17B-estradiol and 4-hydroxy
- E; Tam - E; Tam - E; Tam tamoxifen. MDA-MB-231 cells
Aza/TSA _  _  _ _ _ __ 4+ 4+ ¢+ were grown in estrogen free media,
treated with 5-aza-dC and TSA for
EBAGY9 72 hours and 12 hours respectively
to reexpress ER followed by fresh
media containing no treatment, or
: treatment with 17B-estradiol (E,) or
CﬂﬂprSlﬂD 4-hydroxy-tamoxifen (Tam) for 2
hours as described in Materials and
Methods. Total RNA was isolated,
cMyc quantified and subjected to c-DNA
synthesis followed by RT-PCR
analysis using specific primer pairs.
ICGF1 Differer.ltial modulatiqn of
expression of ER-responsive genes
was observed in agonist and
12 3 4 5 6 7 8 9 antagonist treated MDA-MB-231
cells reexpressing ER.

The ER- responsive genes showed a strong increase in expression in the presence of E; in

ER-positive MCF7 cells whereas tamoxifen treatment repressed the expression of these same



genes (Figure 2). ER-negative MDA-MB-231 cells exhibited no detectable expression of
EBAGY9 whereas IGF1 showed very low levels of expression. ER-negative cells show robust
levels of both cathepsin D and c-Myc similar to ER-positive cells. Importantly the basal levels of
expression were unaffected by both E, and tamoxifen treatment in ER-negative cells.
Reexpression of ER in ER-negative cells with 5-aza-dC/TSA treatment restored basal levels of
expression of ER-responsive genes EBAGY and IGF1 and the expression was inducible by E,
treatment. Treatment with tamoxifen inhibited the expression of ER-responsive genes (Figure 2).
More importantly, ER-responsive genes that are constitutively expressed in MDA-MB-231 cells
and previously remained unaltered with either tamoxifen or E, treatment became responsive to
antagonist treatment in ER-negative cells reexpressing ER. Expression of both cathepsin D and
c-Myc was inhibited strongly by tamoxifen treatment in MDA-MB-231 cells pre-treated with 5-
aza-dC/TSA. These data indicate that 5-aza-dC/TSA pretreatment of ER-negative cells restores
not only E, dependent activation but also tamoxifen dependent repression of ER target genes via

reexpression of ER.

Both HDAC2 and HDAC3 bind to the promoters of ER responsive genes in response to
antagonist treatment.

Recruitment of corepressors to the ER results in the formation of multi-subunit
corepressor complexes including various HDACs facilitating chromatin condensation (6, 9). To
investigate the specific corepressor complexes involved in antagonist induced repression of ER
responsive genes in MDA-MB-231 cells reexpressing ER (MDA-MB-231/ER), we first sought
to investigate the pattern of recruitment of various HDAC molecules on these ER-responsive
gene promoters using chromatin immunoprecipitation (ChIP). Treatment of 5-Aza-dC/TSA
pretreated MDA-MB-231 cells with 4-hydroxy-tamoxifen induced a dramatic increase in the
occupancy of HDAC2 and HDAC3 at the EBAGY, cathepsin D, c-Myc and IGF1 gene promoters
(Figure 3). In contrast, HDAC2 and HDAC3 were not recruited to the same genes in response to
E,. Importantly, another member of class | HDACs, HDACI and certain members of class II
HDACSs, including HDACS, HDAC6 and HDAC7 were not recruited to ER-responsive

promoters (Figure 3).
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Figure 3 Profile of various HDAC molecules on the promoters of ER-responsive genes. Soluble chromatin was
prepared from MDA-MB-231 cells pretreated with 5-aza-dC (2.5uM for 72 h) and TSA (100ng/ml for 12h)
followed by treatment with 17f-estradiol (E,; 100nM for 2h) or 4-hydroxytamoxifen (Tam; 1uM for 2h) or vehicle
(-) as described in materials and methods and immunoprecipitated with 5 pg of specific antibodies against various
class 1 and class Il HDAC proteins overnight at 4°C. The immune complexes were pulled down with protein A
Agarose/salmon sperm DNA beads and washed extensively as described in materials and methods, and cross-linking
was reversed. The purified DNA was analyzed by PCR using primers spanning the EREs of EBAG9, cathepsin D, c-
Myc and IGF1 gene promoters. Recruitment of HDAC2 and HDAC3 was observed on all four promoters in
response to tamoxifen treatment whereas HDAC1, HDACS5, HDAC6 and HDAC7 were not recruited.

Tamoxifen bound-reactivated ER recruits Mi2/NuRD corepressor complex but not Sin3A
corepressor complex to ER responsive genes.

Biochemical studies from various labs have characterized three class I HDAC-containing
corepressor complexes namely the HDAC1/2-containing Sin3 (11) and Mi2/NuRD complex (12)
and HDAC3-containing NCoR (nuclear receptor corepressor) complexes (13). Having shown
that tamoxifen bound-reactivated ER is able to induce occupancy of ER responsive promoters by
HDAC2 and HDAC3, we sought to determine which corepressor complexes are also getting
recruited in order to achieve active repression of these target genes. ChIP analysis with specific
antibodies to HDAC2 showed that tamoxifen-bound reactivated ER specifically recruits HDAC2
to the promoter region of EBAGY, cathepsin D, c-Myc and IGF1 in an antagonist dependent
manner (Figure 4A). Importantly, ChIP analysis using specific antibodies to the components of
Sin3 complex, mSin3A, SAP18 and SAP30 revealed that neither agonist nor antagonist treatment
of MDA-MB-231 cells reexpressing ER resulted in the recruitment of members of Sin3 complex

at the promoter region of ER-responsive genes (Figure 4A). In contrast, reactivated ER recruited
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Figure 4 Recruitment of HDAC2-Sin3, HDAC2-NuRD and HDAC3-NCoR corepressor complex to ER
responsive gene promoters. A. Formaldehyde cross-linked chromatin was immunoprecipitated with antibodies
specific for HDAC2, mSin3A, SAP18 and SAP30 from MDA-MB-231 cells treated as in figure 3. Recruitment of
signature subunits of the Sin3-HDAC2 complex was not observed. B. Cross-linked chromatin-protein complexes
were immunoprecipitated with antibodies specific for HDAC2, MTA2, Mi2 and MTAI1 from MDA-MB-231 cells
treated as indicated. Recruitment of all four signature subunits of the NuRD-HDAC2 complex was observed. C.
Formaldehyde cross-linked chromatin was immunoprecipitated with antibodies specific for HDAC3, NCoR and
TBL1 from MDA-MB-231 cells treated as in figure 3. Recruitment of all three signature subunits of the NCoR-
HDAC3 complex was observed.
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distinct components of NuRD complex in MDA-MB-231 cells treated with tamoxifen (Figure
4B). 4-hydroxy-tamoxifen stimulated the ER dependent recruitment of MTA1 and Mi2 to ER
responsive promoters whereas 17B-estradiol-bound reactivated ER does not induce recruitment
of these proteins. Our results clearly show that antagonist bound-reactivated ER induces active
repression of target genes via engaging distinctive corepressor complexes. The recruitment of
NuRD components occurred irrespective of the type of ERE in the various gene promoters.
HDACS3 recruited by tamoxifen bound-reactivated ER is a part of NCoR complex.

Previous in vitro studies indicate that ER interacts with NCoR and SMRT corepressors in
the presence of antagonist (14) and biochemical purification and characterization of these
complexes demonstrated that both are associated with HDAC3 (15). We thus sought to
understand the participation of NCoR corepressor complex in the mediation of active repression
of ER responsive genes via antagonist bound reactivated ER. Interestingly, as was observed for
components of NuRD complex, the members of NCoR complex, HDAC3, NCoR and TBL1
associated with the promoters of all ER responsive genes included in this study in an antagonist
dependent manner (Figure 4C). In contrast, 17p-estradiol treatment did not induce recruitment of
the NCoR complex components over IgG and vehicle controls. These data indicate a role of
NCoR complex in active repression achieved by antagonist-bound reactivated ER in MDA-MB-

231 cells.

Tamoxifen bound-reactivated ER utilizes multiple corepressor complexes.

Having established the antagonist-specific recruitment of the NuRD and NCoR
corepressor complexes at the ER responsive promoters by reactivated ER, we next investigated
the pattern of recruitment of these complexes. The presence of two different multiprotein
corepressor complexes could be explained by one of the following scenarios: both complexes get
recruited to the promoter region simultaneously, either through different anchor subunits or by a
member of one multiprotein complex acting as an anchor for the other multiprotein complex.
NCoR has been found to interact with components of NuRD complex (30). Alternatively, the
complexes may be recruited in an ordered manner with one complex promoting or excluding the
binding of the other. To examine this, we used ChIP/Re-IP to determine which subunits were
present on the promoter at the same time. In these experiments, DNA bound by HDAC2 was

immunoprecipitated using HDAC2 antibodies. Then, both the precipitates and the supernatants

13



were subjected to reimmunoprecipitation (ChIP/Re-IP) with antibodies against HDAC3, NCoR
or MTAL representing the NCoR (HDAC3/NCoR) and NuRD (MTAT1) complex, respectively.
The ER responsive promoters were then analyzed by PCR. As was shown in figures 4B and 4C,
the presence of both NuRD and NCoR multiprotein complex could be detected on the promoter
of EBAGY, cathepsin D, cMyc and IGF1 in MDA-MB-231 cells reexpressing ER in an
antagonist dependent manner. Our ChIP/Re-IP experiments demonstrate that ER responsive gene
promoters immunoprecipitated with antibodies against HDAC2 could be reimmunoprecipitated
with antibodies against MTA1, whereas no detection was observed with HDAC3 and NCoR
antibodies (Figure 5A). In contrast, the supernatants from the primary ChIP with HDAC2
antibodies showed weak detection of the promoter regions when Re-IP was done with antibodies
against MTA1 but re-IP with antibodies against HDAC3 and NCoR resulted in robust

enrichment of ER responsive gene promoters (Figure 5A).

Figure SA.
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Figure SA The pattern of recruitment of tamoxifen bound- reactivated ER-NCoR-HDAC3 complex and
tamoxifen bound-reactivated ER-NuRD-HDAC2 complex. Cross-linked chromatin was immunoprecipitated with
antibodies specific for HDAC2 from MDA-MB-231 cells treated as detailed in figure 3 and the immune complexes
were pulled down with protein A or G Agarose/salmon sperm DNA beads, supernatants were saved and beads were
washed extensively as described in materials and methods. Bead eluates from the first immunoprecipitation were
incubated with 10mM DTT at 37°C for 30 minutes and diluted 1:50 in dilution buffer followed by re-
immunoprecipitation with the second antibodies as indicated on figure. Re-IP on supernatants was done essentially
the same as primary IPs. After second IPs, cross-linking was reversed and the purified DNA was analyzed by PCR
using primers spanning the EREs of EBAGY, cathepsin D, c-Myc and IGF1 gene promoters.
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In a reciprocal experiment, precipitates from the first ChIP with HDAC3 antibodies were
subjected to ChIP/Re-IP analysis with antibodies against HDAC2, NCoR and MTA1. As shown
in figure 5B, NCoR protein is recruited to the ER responsive promoters along with HDAC3 in an
antagonist dependent manner, whereas both HDAC2 and MTA1l showed no binding.
Contrastingly, supernatants from initial ChIPs with HDAC3 antibodies demonstrated occupancy
of ER responsive promoters by both HDAC2 and MTA1 whereas NCoR showed no recruitment.
Antibodies specificities were checked by immunoprecipitation experiments followed by western
blotting. These data suggest that both HDAC2/NuRD complex and the NCoR/HDAC3 complex
might get recruited to the ER responsive gene promoters in a mutually exclusive manner.
Importantly, the pattern of association of these corepressor complexes with the promoters of

genes that harbor classical EREs was the same as genes harboring nonclassical EREs.

Figure 5B.
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Figure 5B. The pattern of recruitment of tamoxifen bound- reactivated ER-NCoR-HDAC3 complex and
tamoxifen bound-reactivated ER-NuRD-HDAC2 complex Cross-linked chromatin was immunoprecipitated with
antibodies specific for HDAC2 from MDA-MB-231 cells treated as detailed in figure 3 and the immune complexes
were pulled down with protein A or G Agarose/salmon sperm DNA beads, supernatants were saved and beads were
washed extensively as described in materials and methods. Bead eluates from the first immunoprecipitation were
incubated with 10mM DTT at 37°C for 30 minutes and diluted 1:50 in dilution buffer followed by re-
immunoprecipitation with the second antibodies as indicated on figure. Re-IP on supernatants was done essentially
the same as primary IPs. After second IPs, cross-linking was reversed and the purified DNA was analyzed by PCR
using primers spanning the EREs of EBAGY, cathepsin D, c-Myc and IGF1 gene promoters.
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Multiprotein corepressor complexes assembled by tamoxifen bound-reactivated ER show
ordered recruitment.

Our findings that the 4-hydroxy-tamoxifen dependent occupancy of distinct ER
corepressor complexes might occur in a mutually exclusive manner could be explained in two
ways. The recruitment of the corepressor complexes could be stochastic, such that at any one
time individual promoter DNA molecules are bound by one complex or the other. Alternatively,
all promoter DNA molecules may be bound by one complex, which is then temporally replaced
by the other. To examine this, we next sought to determine the kinetics of specific corepressor

recruitment in time course experiments.

Figure 6.
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Figure 6 The dynamics of assembly of tamoxifen bound- reactivated ER-NCoR-HDAC3 complex and
tamoxifen bound-reactivated ER-NuRD-HDAC2 complex. ChIP assays were performed as described earlier,
MDA-MB-231 cells were pretreated with 5-aza-dC (2.5uM for 72 h) and TSA (100ng/ml for 12h) as described in
materials and methods, and cells were treated with 1uM 4-hydroxytamoxifen for varying lengths of time as
indicated above the lanes. Antibodies used for ChIP are indicated on the right. As evident in the figure, recruitment
of tamoxifen bound-reactivated ER to EBAG9 promoter was observed within five minutes of tamoxifen treatment
whereas NCoR-TBL1-HDAC3 complex gets recruited in 20-30 minutes followed by the binding of the components
of NuRD complex by 40 minutes of tamoxifen treatment.



ChIP analysis with antibodies to ER indicated that ER was associated with the EBAG9
promoter in the presence of antagonist (Figure 6). Examination of the recruitment kinetics of
specific repressor proteins revealed association of NCoR/HDAC3 complex components within
20-30 minutes of tamoxifen treatment. Maximal levels of HDAC3 and NCoR binding were
achieved within 40 minutes followed by a slight decline in promoter occupancy 2 hours post
treatment (Figure 6). In contrast, recruitment of the NuRD complex components, HDAC2, Mi2
and MTAI1 displayed considerably slower kinetics. Detectable occupancy of the EBAG9
promoter by NuRD components did not occur until 40 minutes after Tamoxifen treatment, with
maximal levels occurring 50-60 minutes post-treatment (Figure 6). In summary, the data in
figure 6 suggest that tamoxifen mediated repression of ER-responsive genes involves the
sequential recruitment of multiprotein corepressor complexes with components of the
NCoR/HDAC3 complex preceding that of NuRD/HDAC2 complex. Collectively, these result
indicate that epigenetic reactivation of the ER gene in MDA-MB-231 cells sensitizes ER
negative cells to the antagonistic effects of tamoxifen involving modulation of expression of ER-

responsive genes via ordered recruitment of distinct corepressor complexes.

Task 3. To evaluate the contribution of various methyl binding proteins in ER alpha repression
and reactivation in ER-negative human breast cancer cells. (months 12-24)

We are in the process of selecting and testing various siRNA sequences for efficient silencing of
various methyl binding proteins in ER-negative human breast cancer cells. We plan to silence
these proteins one by one and check ER alpha repression and reactivation efficiency. We hope to

finish this part of the project in the next 12 months.

KEY RESEARCH ACCOMPLISHMENTS
e We characterized the chromatin configuration around the estrogen receptor alpha (ER)
promoter in ER-negative and ER-positive human breast cancer cells. The acetylation
status of histones at the ER promoter in the active and inactive states was mapped and the
methylation of histones at key lysine residues at the ER promoter was analyzed. The key
proteins of the activation complex as well as the repressor complex recruited at the ER

promoter during activation and repression respectively was analyzed.
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e The optimal treatment strategies for chromatin modification by performing dose and time
curves with DNMT and HDAC inhibitors was defined and recruitment and release of
participating proteins during reactivation of ER gene using optimal drug treatments was
studied.

e Most importantly, we found that reactivation of ER in ER-negative cells using DNMT
and HDAC inhibitors renders the cells responsive to tamoxifen. We further deciphered

the corepressor complexes involved in this response.

REPORTABLE OUTCOMES
e Dipali Sharma, Neeraj K. Saxena, Nancy E. Davidson and Paula M. Vertino. Restoration
of tamoxifen sensitivity in estrogen receptor-negative breast cancer cells: Tamoxifen-

bound reactivated ER recruits distinctive corepressor complexes. Cancer Research,

66(12): 6370-6378, 2006 (Appendix 1)

CONCLUSIONS

The effects of endocrine therapy are primarily mediated through the estrogen receptor
therefore ER expression is a strong predictor of response to SERM treatment. Indeed, lack of ER
expression is the dominant mechanism of de novo resistance to SERMs such as tamoxifen (1-3).
Also, during breast cancer progression, many initially ER positive tumors lose ER expression
and attain hormone unresponsiveness (4, 5). ER negative tumors are more aggressive and
considering the ability of these tumors to metastasize and their heterogeneity, new therapies or
strategies for sensitization of ER negative tumors to endocrine treatment are required.

A number of enzymatic inhibitors targeting HDACs have been developed with good in
Vivo bioavailability and intracellular capability to inhibit HDAC. Preclinical studies and initial
clinical trials indicate that HDAC inhibitors from different structural classes are very well
tolerated and exhibit clinical activity against a variety of human cancers (31, 32). The

hydroxamate trichostatin A was previously shown to have an in vivo antitumor activity with
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daily parenteral dosing associated with little systemic toxicity (33). The greatest potential of
HDAC inhibitors lies in their ability to modulate the activity of other therapeutic agents.
Demethylating agents such as 5-aza-dC are particularly interesting candidates owing to the
interaction of DNA methylation with histone deacetylation in gene silencing of tumor suppressor
genes. Combined treatment of TSA or depsipeptide with 5-aza-dC has been shown to
synergistically reactivate silenced tumor suppressor genes in human cancer cells, including
MLH1, TIMP3, CDKN2B, CDKN2A, gelsolin and maspin (34, 35).

We have previously shown that treatment of ER-negative breast cancer cells with DNA
methyltransferase (DNMT) and histone deacetylase (HDAC) inhibitors leads to reactivation of
expression of functional estrogen receptor (18). We explored this strategy for sensitizing ER-
negative breast cancer cells to tamoxifen. We found that ER negative breast cancer cells can be
sensitized to anti-tumor effects of tamoxifen by combined treatment with 5-aza-dC/TSA,
underscoring the importance of drugs having the potential to derepress the expression of
epigenetically silenced key genes in cancer therapeutics. Previously, other labs have transfected
ERa recombinant cDNA into the MDA-MB-231 cells in an attempt to recover normal estrogen
and anti-estrogen responsiveness. The unliganded ER was found to inhibit the invasiveness and
growth of MDA-MB-231 cells transfected with ER (36). However, whereas estradiol inhibited
cell growth and invasiveness to some extent, tamoxifen had no effect (37, 38) indicating that
transfecting ER into ER-negative breast cancer cells is not sufficient to sensitize these
unresponsive cells to endocrine therapy. Also, this approach is not directly translatable to clinical
studies.

Tamoxifen is a potent estrogen receptor antagonist and its pharmacology has been

reviewed extensively (39). Many studies focusing on the mechanism of action of tamoxifen have
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indicated that this compound acts in both a cytostatic (causing GO/G1 arrest) and cytotoxic
(inducing apoptosis) manner (40, 41). We show here that tamoxifen induced growth inhibition of
5-Aza-dC/TSA pretreated cells involves apoptosis as indicated by cleavage of caspase3 and its
downstream target PARP. Tamoxifen induced down-regulation of Bcl2 in MDA-MB-231 cells
reexpressing ER without any alteration at Bax expression as reported earlier for MCF7 cells (42)
indicating the involvement of Bcl2 family in tamoxifen mediated cell death.

The findings that reactivation of ER can direct tamoxifen-dependent repression of
endogenous ER target genes indicates that 5-Aza-dC/TSA reactivated ER is able to interact with
both agonists and antagonists to modulate transcription. Tamoxifen mainly exerts its anti-
proliferative action by binding competitively to estrogen receptor, modulating the ER-mediated
transcriptional cascade. Agonist bound ER adopts a conformation in which alpha helices (3, 5
and 12) in the ligand binding domain form a hydrophobic cleft (AF-2) providing a binding
surface for NR boxes (LXXLL motifs) in coactivators. ER antagonists, like tamoxifen have a
bulky side chain that sterically modulates the conformation of the hydrophobic cleft (AF-2) with
helix 12 binding to the AF-2 cleft with its own intrinsic NR box, occluding the binding of
coactivators. Antagonist-mediated inhibition of ER is not only a passive process resulting from
repositioning of helix 12 thereby blocking the coactivator binding (10), but also involves the
active recruitment of corepressors to form repressive ER complex at ER target genes.

To comprehend the molecular basis of repression of ER responsive genes by tamoxifen
bound reactivated ER in ER-negative breast cancer cells, it is important to decipher the nature of
corepressor complex involved in these antagonistic actions. Our studies with tamoxifen-bound
reactivated ER show the formation of a distinct complex containing HDAC3, NCoR and TBLI

on promoter regions of ER responsive genes. Other studies have also shown that HDACS3 is the
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major HDAC associated with NCoR/SMRT complexes and NCoR interacts directly with
HDACS3 through a deacetylase-activating domain (DAD) activating HDAC3 activity (15, 16).
TBL1 then recognizes and binds the resultant deacetylated histone tails further stabilizing the
binding of this multiprotein complex leading to repression. TBL1 and TBLR1 are not required
for HDAC3 activity or initial binding of the NCoR/SMRT complex to nuclear receptors, but they
can interact with core histones to stabilize the binding. This is similar to the role of RbAp46 and
RbAp48 in NuRD complex. While RbAp48 binds to H2A, H3 and H4, TBL1 bind preferentially
to H2B and H4. We observed binding of NuRD complex to the ER responsive promoters in ER-
negative breast cancer cells reexpressing functional estrogen receptor, and this recruitment was
specifically dependent on tamoxifen treatment as no binding was observed in the presence of
estrogen.

Combinatorial utilization of multiple corepressor complexes may be required to achieve
physiologic levels of repression on some promoters whereas on other promoters different
complexes might get recruited independent of each other. NCoR directly interacts with nuclear
receptors via its NR box-related conserved bipartite NR interaction domain (NRID) containing
L/IXXI/VI sequence (16), anchoring NCoR/HDAC3 multiprotein complex. NCoR can also
interact with components of both the SAP (Sin-associated protein) and the NuRD complexes
(30), suggesting that NCoR and NuRD complexes could be co-recruited to ER or other nuclear
receptor gene targets. Our ChIP/Re-ChIP data show that both NCoR/HDAC3 and NuRD
complex bind to ER responsive promoters containing either classical or non-classical ERE
promoters in a mutually exclusive manner. Mutually exclusive binding of both NCoR and NuRD
corepressor complexes rules out the possibility of NCoR mediated recruitment of NuRD

complex, at least in the case of tamoxifen-bound reactivated ER. Since human NuRD complex is
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a multi-subunit protein complex, it is possible that it gets recruited using one of its own subunits
as the anchoring protein. Biochemical and immunofluorescence studies have shown that MTA1
interacts directly with the estrogen receptor (43). However whether MTA1 targets the NuRD
complex to ER-responsive promoter has not been elucidated. Other candidate subunits of the
NuRD complex are methyl binding proteins such as MBD2 and MBD3. While human MBD3
does not recognize methylated DNA (44), MBD2 might direct the recruitment of NuRD complex
to methylated loci at target gene promoters (45). Our time course experiments, however, suggest
that a DNA methylation mediated mechanism is unlikely as NuRD complex components were
observed at the EBAGY promoter within 40 minutes of tamoxifen treatment. In addition, NuRD
complex purified with HDACI contains MBD2 (46), whereas a similar immunoaffinity
purification of HDAC2 generated a NuRD complex with no detectable MBD2 (46). Our data
show the recruitment of HDAC2 but not HDACI1 containing NuRD complex at the ER-
responsive promoters suggesting that MBD2 is not involved in tamoxifen mediated repression by
reactivated ER. Further studies are needed to clearly show how NuRD complex binds to
tamoxifen-bound reactivated ER and mediate repression of ER responsive genes.

Our findings also provide evidence for an ordered recruitment of NCoR complex
followed by NuRD complex at distinct ER target promoters in ER-negative breast cancer cells
via tamoxifen-bound reexpressed ER. Sequential recruitment of various cofactors has been
reported for regulation of various mammalian genes (19, 20). Given the ordered recruitment of
corepressor complexes demonstrated here, our findings support a multistep model of tamoxifen-
mediated repression by reactivated ER. NCoR complex could directly interact with tamoxifen-
bound reactivated ER resulting in deacetylation of local histones through recruitment of HDAC

activity (15, 16). One possibility is that removal of the acetyl groups from K9 and K14 of histone
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H3 (47) creates an environment that promotes the binding of Suv39H1/Clr4. The methylation of
H3-K9 by Suv39H1/Clr4 after histone deacetylases remove the acetyl groups from K9 and K14
of histone H3 (47) then serves as a binding site for the chromodomain of HP1/Swi6 (48, 49).
NuRD complex contains Mi2/CHD family proteins which have a chromodomain (12) and
biochemical analysis have shown that the NuRD complex associates with histone H3 when
lysine 9 is methylated (50). This model is in accordance with the histone code hypothesis as the
pattern of histone tail modifications serves as a recognition code for the recruitment of cofactors
resulting in modulation of chromatin structure and function.

In conclusion, our findings are clinically important as endocrine therapy targeting ER has
proven its efficacy with the development of anti-estrogens and aromatase inhibitors. Sensitizing
hormone-resistant ER-negative breast cancer cells to endocrine therapy by combined treatment
with DNA methyltransferase inhibitors and histone deacetylase inhibitors provide new treatment
options for patients with de novo resistance. In addition, the elucidation of the specific
corepressor complexes involved in the tamoxifen-bound reactivated ER mediated repression of
endogenous ER-responsive genes might help in designing more combined therapies using other

therapeutic agents and innovative drug delivery strategies.
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Abstract

Breast tumors expressing estrogen receptor-o. (ER) respond
well to therapeutic strategies using selective ER modulators,
such as tamoxifen. However, ~ 30% of invasive breast cancers
are hormone independent because they lack ER expression
due to hypermethylation of ER promoter. Treatment of ER-
negative breast cancer cells with demethylating agents [5-aza-
2'-deoxycytidine (5-aza-dC)] and histone deacetylase (HDAC)
inhibitors (trichostatin A) leads to expression of ER mRNA and
functional protein. Here, we examined whether epigenetically
reactivated ER is a target for tamoxifen therapy. Following
treatment with trichostatin A and 5-aza-dC, the formerly
unresponsive ER-negative MDA-MB-231 breast cancer cells
became responsive to tamoxifen. Tamoxifen-mediated inhibi-
tion of cell growth in these cells is mediated at least in part by
the tamoxifen-bound ER. Tamoxifen-bound reactivated ER
induces transcriptional repression at estrogen-responsive
genes by ordered recruitment of multiple distinct chroma-
tin-modifying complexes. Using chromatin immunoprecipita-
tion, we show recruitment of two different corepressor
complexes to ER-responsive promoters in a mutually exclusive
and sequential manner: the nuclear receptor corepressor-
HDAC3 complex followed by nucleosome remodeling and
histone deacetylation complex. The mechanistic insight
provided by this study might help in designing therapeutic
strategies directed toward epigenetic mechanisms in the
prevention or treatment of breast cancer. (Cancer Res 2006;
66(12): 6370-8)

Introduction

Estrogen is a key regulator for normal growth and differentiation
of mammary glands as well as the malignant progression of breast
cancer (1). Estrogen exerts its effects by binding to estrogen
receptor (ER) that functions as transcription factor controlling cell
proliferation and differentiation (2). Breast tumors that express ER
are generally more amenable to endocrine therapy compared with
ER-negative tumors that exhibit de novo resistance (3). This loss of
ER is transcriptional in nature, without a high frequency of
deletion, mutation, or other structural changes in ER gene (4). It is
suggested that epigenetic modifications of cytosine residues in
DNA and the NH, termini of histone proteins are responsible for
the silencing of ER expression in ER-negative breast tumors (5).
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Because all endocrine therapies are designed to block ER function
in some way, the identification of new therapies or strategies for
sensitization of ER-negative breast cancer cells to selective ER
modulators (SERM) treatment has become very important.

Recent studies revealed that distinct coregulatory complexes
modulate transcriptional activity of nuclear receptors. Ligand-
bound nuclear receptors recruit multiple coactivator/corepressor
complexes to modulate gene expression (6). Some of these
coactivator complexes possess histone acetyltransferase activity
and/or histone methyltransferase activity (7). In addition, nuclear
receptors are involved in transrepression and active repression in
the absence and presence of ligand through interactions with
various coregulatory complexes (8). Whereas the role of coactiva-
tors for ER is very well established, the importance of corepressors
is still under investigation. An increasing number of ER
corepressors have been reported in last few years, which interact
with ER in the AF-1, DNA-binding domain/hinge, and ligand-
binding domain (LBD)/AF-2 regions (9). SERMs, such as tamoxifen,
are thought to inhibit ER function by passive processes, such as
repositioning of helix 12, thereby blocking the coactivator binding,
and active repression via recruitment of corepressor complexes
(10). Some studies have indicated that tamoxifen-bound ER might
interact with corepressor complexes containing histone deacetylase
(HDAC) activity leading to chromatin condensation and gene
silencing (9).

Three class I HDAC-containing multiprotein complexes have
been purified and characterized: the HDAC1/HDAC2-containing
Sin3 and Mi2/nucleosome remodeling and histone deacetylation
(NuRD) complexes and the HDAC3-containing nuclear receptor
corepressor (NCoR) complex (11, 12). Some of the components of
NuRD complex, such as HDAC1 and HDAC2 and two histone-
binding proteins (RbAp46 and RbAp48), are also found in the
Sin3 complex. In addition to HDAC activity, the NuRD complex
has ATP-dependent nucleosome remodeling activity. A distin-
guishing feature of NuRD is the presence of metastasis-
associated proteins MTA1 and/or MTA2. The unique components
of the Sin3 complex include Sin3, Sin-associated protein (SAP)
18, and SAP30. Specific components of these complexes may
serve to couple them to specific repression systems (11). The
NCoR complex was initially found to be involved in repression
associated with unliganded retinoic acid receptor and thyroid
hormone receptor (13). Subsequently, it was shown that ER can
also interact with this corepressor in the presence of antagonist
(14). NCoR is associated with HDAC3, TBL1 (transducin P-like
protein), and TBLR1 in large protein complexes (15). Both TBL
and TBLR1 might function as histone-binding proteins preferen-
tially binding to histones H2B and H4 through their NH,-
terminal region, correlating with their transcriptional repression
function (16).
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Earlier studies have shown that one mechanism leading to loss
of ER expression in ER-negative breast cancer cells involves
epigenetic silencing associated with hypermethylation of the ER
promoter. Treatment of such cells with DNA methyltransferase
(DNMT) and/or HDAC inhibitors leads to demethylation of the ER
promoter and reactivation of ER expression (17, 18). The findings
that reactivated ER in ER-negative cells can function as a
transcription factor for ER-responsive genes prompted us to ask
whether this can also make hormone-unresponsive MDA-MB-231
cells receptive to the antagonistic actions of tamoxifen. Here, we
explored this combinatory approach using both HDAC and DNMT
inhibitors and found that it sensitizes ER-negative cells to
tamoxifen, leading to inhibition of cell proliferation. We further
examined the modulation of expression of ER target genes in
response to both agonist and antagonist treatment. Using
chromatin immunoprecipitation and reimmunoprecipitation anal-
ysis to examine the specific components of the corepressor
complexes involved in active repression mediated by antagonist-
bound reactivated ER, we show recruitment of the NuRD and
NCoR complexes to ER-responsive promoters in response to
treatment with tamoxifen. Interestingly, these multiprotein com-
plexes bind in a distinctive manner, and time-course analysis
indicates ordered recruitment, with the binding of the NCoR
complex preceding that of NuRD complex.

Materials and Methods

Antibodies. Antibodies against poly(ADP-ribose) polymerase (PARP),
caspase-3, cleaved caspase-3 (Asp'”®), HDACI, HDAC2, HDAC3, HDACS5,
HDAC6, and HDAC7 were purchased from Cell Signaling Technology
(Danvers, MA). Anti-actin antibody was procured from Sigma (St. Louis,
MO). The anti-ERa, Bax, Bcl-2, NCoR, TBL1, mSin3A, SAP18, SAP30,
MTAZ2, and Mi2 were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Anti-rabbit IgG and anti-mouse IgG were obtained from Upstate
Biotechnology (Charlottesville, VA).

Cell culture, reagents, and treatments. The human breast cancer cell
lines MDA-MB-231 and MCF7 were grown in DMEM supplemented with 5%
fetal bovine serum (FBS; Hyclone, Logan, UT) and 2 pumol/L L-glutamine
(Invitrogen, Carlsbad, CA). For treatment, cells were seeded at a density of
5 X 10° per 100-mm tissue culture dish in phenol red—free DMEM
supplemented with 5% charcoal-treated FBS (estrogen-free medium). After
24 hours, the estrogen-free medium was changed to estrogen-free medium
containing 2.5 pmol/L 5-aza-2"-deoxycytidine (5-aza-dC; Sigma) for 72 hours
or 100 ng/mL trichostatin A (Wako Pure Chemical Industries Ltd., Osaka,
Japan) for 12 hours. For the combination study, 5-aza-dC was present in
culture for 72 hours and trichostatin A was added for the last 12 hours. For
treatments with 17p-estradiol (E,) and 4-hydroxytamoxifen, cells untreated
or pretreated with 5-aza-dC/trichostatin A were treated with E, (100 nmol/
L for 2 hours), 4-hydroxytamoxifen (1 pmol/L for 2 hours), or vehicle in fresh
estrogen-free medium for indicated time periods.

RNA isolation and reverse transcription-PCR. Total cellular RNA was
extracted using the Trizol reagent kit (Life Technologies, Inc., Rockville,
MD) and quantified by UV absorption. Reverse transcription-PCR (RT-
PCR) was carried out according to our previously described method (18)
using specific sense and antisense PCR primers for amplification. PCR
products were resolved by 2% agarose gel electrophoresis and visualized
by ethidium bromide staining. The primers used were ER-binding
fragment-associated antigen 9 (EBAG9) forward primer and 5-GCTACA-
CAAGATTCTGCCT-3 and reverse primer 5-CTTCTTCATTAGCCGTTGTG-
3, cathepsin D forward primer 5-TACATGATCCCCTGTGAGAAGGT-3'
and reverse primer 5-GGGACAGCTTGTAGCCTTTGC-3, c-Myc forward
primer 5-GCCACGTCTCCACACATCAG-3' and reverse primer 5-
TCTTGGCAGCAGGATAGTCCTT-3,, insulin-like growth factor-1 (IGF-I)
forward primer 5-TGCTCTTCAGTTCGTGTGTG-3" and reverse primer 5-
TGGCATGTCACTCTTCACTC-3,, and progesterone receptor (PR) forward

primer 5-TCATTACCTCAGAAGATTTGTTTAATC-3' and reverse primer
5-TGATCTATGCAGGACTAGACAA-3'.

Western blot. Whole-cell lysates were prepared as described previously
(19). Proteins were quantified using the BCA protein assay kit (Pierce,
Rockford, IL). Proteins were resolved on SDS-polyacrylamide gels and
transferred to nitrocellulose membranes, and Western blot analyses were
done using previously described antibodies. Immunodetection was done
using Enhanced Chemiluminescence System (Amersham Pharmacia
Biotech, Inc., Piscataway, NJ) according to the manufacturer’s instructions.

Cell viability assay. Cell viability assay was done by estimating
reduction of 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-
carboxanilide inner salt (XTT) using a commercially available kit (Roche,
Basel, Switzerland) following the manufacturer’s instructions. MCF7 and
MDA-MB-231 cells were plated in 96-well plates at an initial density of
4 x 10° per well for 24 hours. Cells were treated as described above, except
that 4-hydroxytamoxifen treatment (1 pmol/L) was given for 24 hours either
alone or following 72-hour 5-aza-dC/trichostatin A treatment. XTT labeling
reagent was added to each culture well to attain a final concentration of
0.3 mg/mL. After 4-hour exposure at 37°C, absorbance was measured at 450
and 690 nm using a 96-well plate reader (SPECTRAmax PLUS, Molecular
Devices, Sunnyvale, CA). Pilot experiments verified that the cell densities
were within the linear range of the XTT assay. A standard curve was
prepared using cell densities from 1 X 10° to 1 X 10° and the results were
calculated with respect to the number of cells.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
analyses were done using a published procedure (20) with following
modifications. Chromatin samples were sonicated on ice thrice for 10
seconds each (i.e., until the average length of sheared genomic DNA was 1-1.5
kb) followed by centrifugation for 10 minutes. The immunoprecipitated DNA
was ethanol precipitated and resuspended in 25 puL H,O. Total input samples
were resuspended in 100 pL H,O and diluted 1:100 before PCR analysis.
The primers for chromatin immunoprecipitation were EBAG9 forward
primer 5-ATTGTCTGCCCTTCGCCGT-3" and reverse primer 5-TTTGGA-
GGCTGCGTGCTTT-3, cathepsin D forward primer 5-GGTTTCTCT-
GGAAGCCCTGTAG-3' and reverse primer 5-TCCTGCACCTGCTCCTCC-3,
c-Myc forward primer 5-AGGCGCGCGTAGTTAATTCAT-3 and reverse
primer 5-CGCCCTCTGCTTTGGGA-3, and IGF-I forward primer 5-TTG-
TCACCATGCCCAAAAAA-3" and reverse primer 5-TTGCGCAGGCTCTAT-
CTGC-3'. Initially, PCR was done with different numbers of cycles and/or
dilutions of input DNA to determine the linear range of amplification; all
results shown fall within this range. Following 28 to 30 cycles of amplification,
PCR products were run on 1% agarose gel and analyzed by ethidium bromide
staining. All chromatin immunoprecipitation assays were done at least thrice
with similar results.

Chromatin immunoprecipitation/reimmunoprecipitation. Chroma-
tin immunoprecipitation/reimmunoprecipitations on supernatants were
done following the same procedure as the primary immunoprecipitations.
Bead eluates from the first cycle of immunoprecipitation were incubated
with 10 mmol/L DTT at 37°C for 30 minutes and diluted 1:50 in dilution
buffer containing 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl
(pH 8.1), and 150 mmol/L NaCl followed by reimmunoprecipitation with
specific second antibodies.

Results

ER reexpression is induced by the HDAC and DNMT
inhibitors. Although antiestrogen therapy targeting ER is the
most successful therapy for breast cancer, a major problem is that
its use is limited to ER-positive breast cancers that generally have a
better prognosis (1, 3). Because ER-negative breast cancers are
more aggressive (21), alternative combinatorial therapies targeting
ER-negative breast cancers are urgently needed. Earlier studies
have shown that the ER promoter is hypermethylated and ER
mRNA is absent in ER-negative breast cancer cells (5). One efficient
way for targeted therapy for ER-negative hormone-independent
breast cancers could be to transform ER-negative into ER-positive
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breast cancer cells by gene therapy or ER gene reexpression. We ER mRNA and protein in ER-negative breast cancer cells, we next
used the MDA-MB-231 breast cancer cells as a model of ER- investigated whether this reexpression could be physiologically
negative breast cancers. This human cell line is particularly suitable linked to tamoxifen responsiveness. Treatment with trichostatin A
for preclinical studies because it is highly aggressive both in vitro and 5-aza-dC rendered ER-negative MDA-MB-231 cells responsive
and in vivo (22). to tamoxifen (Fig. 1C). Combined treatment of MDA-MB-231 cells

First, we analyzed the reversible nature of ER expression in with trichostatin A and 5-aza-dC along with 1 pmol/L 4-

MDA-MB-231 cells using methylation-specific PCR and RT-PCR hydroxytamoxifen resulted in a significant increase in cell growth
(data not shown), confirming the previous findings (18) that the ER inhibition compared with cells treated with either 5-aza-dC/
CpG island is methylated in MDA-MB-231 cells and treatment with trichostatin A combination only or 4-hydroxytamoxifen alone. As
5-aza-dC/trichostatin A results in reexpression of ER mRNA. expected, cell proliferation was inhibited considerably in response
Importantly, we observed the reexpression of ER protein in MDA- to 4-hydroxytamoxifen treatment in ER-positive MCF7 cells. It has
MB-231 cells treated with 5-aza-dC/trichostatin A (Fig. 14). We also been shown that tamoxifen inhibits cell proliferation and induces

observed ER protein reexpression in MDA-MB-231 cells treated apoptosis in breast cancer cells (23). Several apoptosis-associated
with trichostatin A alone (Fig. 14). Trichostatin A induces changes proteins have been shown to play critical roles in regulating cell
in histone acetylation resulting in chromatin decondensation (18); death, including caspases, Bcl-2 family members, and PARP (24). To
hence, trichostatin A treatment results in ER protein reexpression determine whether these proteins are involved in tamoxifen-
albeit at low levels. Next, we examined if the reexpressed ER in induced cell death in MDA-MB-231 cells pretreated with 5-aza-dC
MDA-MB-231 cells can act as a functionally active transcription and trichostatin A, we examined their expression by Western
factor and control the expression of ER-responsive genes. As blotting. Our results (Fig. 1D) are in concurrence with the previous

evident in Fig. 1B, 5-aza-dC/trichostatin A-treated ER-negative finding (25) that caspase-3 is not expressed in MCF7 cells.
cells induced greater PR expression compared with either treat- Treatment of MCF7 cells with 4-hydroxytamoxifen resulted in PARP

ment alone, whereas untreated cells showed no PR expression. cleavage and reduced expression of Bcl-2, whereas Bax protein
Inhibition of HDAC and DNMT activity sensitizes ER- expression remained unaltered. MDA-MB-231 cells treated with
negative breast cancer cells to estrogen antagonist tamoxifen. 5-aza-dC/trichostatin A in combination with tamoxifen showed
Based on our observation that simultaneous HDAC and DNMT cleaved, active caspase-3 along with cleaved PARP, its downstream
inhibition by trichostatin A and 5-aza-dC leads to reexpression of target. Furthermore, Bcl-2 protein was down-regulated, and Bax
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Figure 1. Treatment with HDAC and DNMT inhibitors reexpress ER protein and enhanced the responsiveness to 4-hydroxytamoxifen in ER-negative MDA-MB-231
cells. A, ER protein reexpression was analyzed after treatment of MDA-MB-231 cells with 5-aza-dC (Aza; 2.5 umol/L for 72 hours), trichostatin A (TSA; 100 ng/mL
for 12 hours), or 5-aza-dC and trichostatin A (Aza/TSA) as described in Materials and Methods. ER-positive MCF7 cells were used as positive control, whereas
untreated ER-negative MDA-MB-231 cells were used as negative control. Western blotting using specific antibodies for ER shows ER protein reexpression after
5-aza-dC and trichostatin A treatments in MDA-MB-231 cells. B, expression of the ER-responsive gene PR was used as an indicator of functionally active ER. RT-PCR
analysis showed PR mRNA reexpression after 5-aza-dC and trichostatin A treatments in MDA-MB-231 cells. The ER-positive prototype, MCF7 cells, was used

as a positive control. The RT-PCR product of g-actin was included as a control. C, growth inhibition by combined 4-hydroxytamoxifen (1 umol/L) and 5-aza-dC/
trichostatin A treatment was assayed using XTT assay. Both MCF7 and MDA-MB-231 cells were treated with 4-hydroxytamoxifen for 24 hours before assay.

In addition, MDA-MB-231 cells were treated with a combination of 5-aza-dC/trichostatin A as described along with 4-hydroxytamoxifen treatment before XTT assay.
D, MDA-MB-231 cells were treated as indicated. Whole-cell lysates were prepared, fractionated by SDS-PAGE, and transferred to membranes. Changes in apoptotic
proteins were detected by Western blotting with specific antibodies against cleaved PARP, caspase-3, cleaved caspase-3, Bcl-2, and Bax as indicated.
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Figure 2. Expression levels of ER-responsive genes in ER-negative cells
reexpressing ER in response to E; and 4-hydroxytamoxifen. MDA-MB-231
cells were grown in estrogen-free medium and treated with 5-aza-dC

and trichostatin A for 72 and 12 hours, respectively, to reexpress ER

followed by fresh medium containing no treatment or treatment with E, or
4-hydroxytamoxifen (Tam) for 2 hours as described in Materials and Methods.
Total RNA was isolated, quantified, and subjected to cDNA synthesis

followed by RT-PCR analysis using specific primer pairs. Differential modulation
of expression of ER-responsive genes was observed in agonist- and
antagonist-treated MDA-MB-231 cells reexpressing ER.

protein expression remained unaltered. Our findings suggest that a
combinatory treatment of ER-negative breast cancer cells with
5-aza-dC/trichostatin A along with 4-hydroxytamoxifen induces cell
death as indicated by the activation of caspase-3 and cleavage of
PARP.

Reexpression of ER in ER-negative cells renders ER-
responsive genes responsive to the antagonistic effects of 4-
hydroxytamoxifen. Steroid receptors, such as ER, regulate gene
transcription either by binding directly to the promoter of target
genes or by binding indirectly through other transcription factors
(1, 2). Genes regulated through direct ER binding, such as EBAG9
and cathepsin D, typically harbor a classic hormone-responsive
element (HRE) and are activated slowly (26, 27). In contrast, genes
regulated by indirect binding of ER to nonclassic HREs are quickly
activated, such as c-Myc and IGF-I (28, 29). We next examined the

difference in agonist-modulated versus antagonist-modulated
expression of these genes in our experimental system. The ER-
responsive genes showed a strong increase in expression in the
presence of E, in ER-positive MCEF7 cells, whereas tamoxifen
treatment repressed the expression of these same genes (Fig. 2).
ER-negative MDA-MB-231 cells exhibited no detectable expression
of EBAGY, whereas IGF-I showed very low levels of expression. ER-
negative cells show robust levels of both cathepsin D and c-Myc
similar to ER-positive cells. Importantly, the basal levels of
expression were unaffected by both E, and tamoxifen treatment
in ER-negative cells. Reexpression of ER in ER-negative cells with 5-
aza-dC/trichostatin A treatment restored basal levels of expression
of ER-responsive genes EBAG9 and IGF-I and the expression was
inducible by E, treatment. Treatment with tamoxifen inhibited the
expression of ER-responsive genes (Fig. 2). More importantly, ER-
responsive genes that are constitutively expressed in MDA-MB-231
cells and previously remained unaltered with either tamoxifen or
E, treatment became responsive to antagonist treatment in ER-
negative cells reexpressing ER. Expression of both cathepsin D and
c-Myc was inhibited strongly by tamoxifen treatment in MDA-MB-
231 cells pretreated with 5-aza-dC/trichostatin A. These data
indicate that 5-aza-dC/trichostatin A pretreatment of ER-negative
cells restores not only E,-dependent activation but also tamoxifen-
dependent repression of ER target genes via reexpression of ER.
Both HDAC2 and HDAC3 bind to the promoters of ER-
responsive genes in response to antagonist treatment.
Recruitment of corepressors to the ER results in the formation of
multisubunit corepressor complexes, including various HDACs,
facilitating chromatin condensation (6, 9). To investigate the
specific corepressor complexes involved in antagonist-induced
repression of ER-responsive genes in MDA-MB-231 cells reexpress-
ing ER (MDA-MB-231/ER), we first sought to investigate the
pattern of recruitment of various HDAC molecules on these ER-
responsive gene promoters using chromatin immunoprecipitation.
Treatment of 5-aza-dC/trichostatin A-pretreated MDA-MB-231
cells with 4-hydroxytamoxifen induced a dramatic increase in the
occupancy of HDAC2 and HDAC3 at the EBAGY, cathepsin D,
c-Myc, and IGF-I gene promoters (Fig. 3). In contrast, HDAC2 and
HDAC3 were not recruited to the same genes in response to E,.
Importantly, another member of class I HDACs, HDACI, and
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Figure 3. Profile of various HDAC molecules on the promoters of ER-responsive genes. Soluble chromatin was prepared from MDA-MB-231 cells pretreated

with 5-aza-dC (2.5 pmol/L for 72 hours) and trichostatin A (100 ng/mL for 12 hours) followed by treatment with E; (100 nmol/L for 2 hours), 4-hydroxytamoxifen

(1 umol/L for 2 hours), vehicle (—) as described in Materials and Methods and immunoprecipitated with 5 pg specific antibodies against various class 1 and Il HDAC
proteins overnight at 4°C. The immune complexes were pulled down with protein A agarose/salmon sperm DNA beads and washed extensively as described in
Materials and Methods, and cross-linking was reversed. The purified DNA was analyzed by PCR using primers spanning the EREs of EBAG9, cathepsin D, c-Myc,
and IGF-I gene promoters. Recruitment of HDAC2 and HDAC3 was observed on all four promoters in response to tamoxifen treatment, whereas HDAC1, HDACS5,

HDACS6, and HDAC7 were not recruited.
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certain members of class I HDACs, including HDAC5, HDAC6, and
HDAC?7, were not recruited to ER-responsive promoters (Fig. 3).

Tamoxifen-bound reactivated ER recruits Mi2/NuRD core-
pressor complex but not Sin3A corepressor complex to ER-
responsive genes. Biochemical studies from various laboratories
have characterized three class I HDAC-containing corepressor
complexes [i.e., the HDAC1/HDAC2-containing Sin3 (11) and Mi2/
NuRD (12) complex and the HDAC3-containing NCoR complexes
(13)]. Having shown that tamoxifen-bound reactivated ER is able to
induce occupancy of ER-responsive promoters by HDAC2 and
HDAC3, we sought to determine which corepressor complexes are
also getting recruited to achieve active repression of these target
genes. Chromatin immunoprecipitation analysis with specific
antibodies to HDAC2 showed that tamoxifen-bound reactivated
ER specifically recruits HDAC2 to the promoter region of EBAGY,
cathepsin D, c-Myc, and IGF-I in an antagonist-dependent manner
(Fig. 4A4). Importantly, chromatin immunoprecipitation analysis
using specific antibodies to the components of Sin3 complex,
mSin3A, SAP18, and SAP30 revealed that neither agonist nor
antagonist treatment of MDA-MB-231 cells reexpressing ER
resulted in the recruitment of members of Sin3 complex at the
promoter region of ER-responsive genes (Fig. 44). In contrast,
reactivated ER recruited distinct components of NuRD complex in
MDA-MB-231 cells treated with tamoxifen (Fig. 4B). 4-Hydroxyta-
moxifen stimulated the ER-dependent recruitment of MTA1 and
Mi2 to ER-responsive promoters, whereas E,-bound reactivated ER
does not induce recruitment of these proteins. Our results clearly
show that antagonist-bound reactivated ER induces active
repression of target genes via engaging distinctive corepressor
complexes. The recruitment of NuRD components occurred
irrespective of the type of estrogen-responsive element (ERE) in
the various gene promoters.

HDAC3 recruited by tamoxifen-bound reactivated ER is a
part of NCoR complex. Previous in vitro studies indicate that ER
interacts with NCoR and SMRT corepressors in the presence of
antagonist (14) and biochemical purification and characterization
of these complexes showed that both are associated with HDAC3
(15). We thus sought to understand the participation of NCoR
corepressor complex in the mediation of active repression of ER-
responsive genes via antagonist-bound reactivated ER. Interesting-
ly, as observed for components of NuRD complex, the members of
NCoR complex, HDAC3, NCoR, and TBLI1, associated with the
promoters of all ER-responsive genes included in this study in an
antagonist-dependent manner (Fig. 4C). In contrast, E, treatment
did not induce recruitment of the NCoR complex components over
IsG and vehicle controls. These data indicate a role of NCoR
complex in active repression achieved by antagonist-bound
reactivated ER in MDA-MB-231 cells.

Tamoxifen-bound reactivated ER uses multiple corepressor
complexes. Having established the antagonist-specific recruitment
of the NuRD and NCoR corepressor complexes at the ER-
responsive promoters by reactivated ER, we next investigated the
pattern of recruitment of these complexes. The presence of two
different multiprotein corepressor complexes could be explained
by one of the following scenarios: both complexes get recruited to
the promoter region simultaneously either through different
anchor subunits or by a member of one multiprotein complex
acting as an anchor for the other multiprotein complex. NCoR has
been found to interact with components of NuRD complex (30).
Alternatively, the complexes may be recruited in an ordered
manner with one complex promoting or excluding the binding of
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Figure 4. Recruitment of HDAC2-Sin3, HDAC2-NuRD, and HDAC3-NCoR
corepressor complex to ER-responsive gene promoters. A, formaldehyde
cross-linked chromatin was immunoprecipitated with antibodies specific for
HDAC2, mSin3A, SAP18, and SAP30 from MDA-MB-231 cells treated as in
Fig. 3. The immune complexes were pulled down with protein A agarose/salmon
sperm DNA beads and washed extensively as described in Materials and
Methods, and cross-linking was reversed. The purified DNA was analyzed by
PCR using specific primers spanning the EREs of EBAGY, cathepsin D,
c-Myc, and IGF-I gene promoters. Recruitment of signature subunits of the
HDAC2-Sin3 complex was not observed. B, cross-linked chromatin-protein
complexes were immunoprecipitated with antibodies specific for HDAC2, MTA2,
Mi2, and MTA1 from MDA-MB-231 cells treated as indicated. The purified
DNA was analyzed by PCR using primers spanning the EREs of EBAG9,
cathepsin D, c-Myc, and IGF-I gene promoters. Recruitment of all four signature
subunits of the HDAC2-NuRD complex was observed. C, formaldehyde
cross-linked chromatin was immunoprecipitated with antibodies specific for
HDAC3, NCoR, and TBL1 from MDA-MB-231 cells treated as in Fig. 3. The
immune complexes were pulled down with protein A agarose/salmon sperm DNA
beads and washed extensively as described in Materials and Methods,

and cross-linking was reversed. The purified DNA was analyzed by PCR using
primers spanning the EREs of EBAGY, cathepsin D, c-Myc, and IGF-I gene
promoters. Recruitment of all three signature subunits of the NCoR-HDAC3
complex was observed.

the other. To examine this, we used chromatin immunoprecipita-
tion/reimmunoprecipitation to determine which subunits were
present on the promoter at the same time. In these experiments,
DNA bound by HDAC2 was immunoprecipitated using HDAC2
antibodies. Then, both the precipitates and the supernatants were
subjected to reimmunoprecipitation with antibodies against
HDAC3, NCoR, or MTALI representing the NCoR (HDAC3/NCoR)

Cancer Res 2006; 66: (12). June 15, 2006

6374

www.aacrjournals.org



Sensitizing ER—Negative Breast Cancer Cells to Tamoxifen

APPENDIX |

and NuRD (MTA1l) complex, respectively. The ER-responsive
promoters were then analyzed by PCR. As shown in Fig. 4B and
C, the presence of both NuRD and NCoR multiprotein complex
could be detected on the promoter of EBAGY, cathepsin D, c-Myc,
and IGF-I in MDA-MB-231 cells reexpressing ER in an antagonist-
dependent manner. Our chromatin immunoprecipitation/reim-
munoprecipitation experiments show that ER-responsive gene
promoters immunoprecipitated with antibodies against HDAC2
could be reimmunoprecipitated with antibodies against MTAI,
whereas no detection was observed with HDAC3 and NCoR
antibodies (Fig. 54). In contrast, the supernatants from the primary
chromatin immunoprecipitation with HDAC2 antibodies showed
weak detection of the promoter regions when reimmunoprecipi-
tation was done with antibodies against MTA1, but reimmunopre-
cipitation with antibodies against HDAC3 and NCoR resulted in
robust enrichment of ER-responsive gene promoters (Fig. 54). In a
reciprocal experiment, precipitates from the first chromatin
immunoprecipitation with HDAC3 antibodies were subjected to
chromatin immunoprecipitation/reimmunoprecipitation analysis
with antibodies against HDAC2, NCoR, and MTAIL. As shown in
Fig. 5B, NCoR protein is recruited to the ER-responsive promoters
along with HDAC3 in an antagonist-dependent manner, whereas
both HDAC2 and MTA1 showed no binding. In contrast, super-
natants from initial chromatin immunoprecipitation with HDAC3
antibodies showed occupancy of ER-responsive promoters by both
HDAC2 and MTA1, whereas NCoR showed no recruitment. Anti-

body specificities were checked by immunoprecipitation experi-
ments followed by Western blotting. These data suggest that both
HDAC2/NuRD complex and NCoR/HDAC3 complex might get
recruited to the ER-responsive gene promoters in a mutually
exclusive manner. Importantly, the pattern of association of these
corepressor complexes with the promoters of genes that harbor
classic EREs was the same as genes harboring nonclassic EREs.
Multiprotein corepressor complexes assembled by tamoxi-
fen-bound reactivated ER show ordered recruitment. Our
findings that the 4-hydroxytamoxifen-dependent occupancy of
distinct ER corepressor complexes might occur in a mutually
exclusive manner could be explained in two ways. The recruitment
of the corepressor complexes could be stochastic, such that at any
one time individual promoter DNA molecules are bound by one
complex or the other. Alternatively, all promoter DNA molecules
may be bound by one complex, which is then temporally replaced
by the other. To examine this, we next sought to determine the
kinetics of specific corepressor recruitment in time-course experi-
ments. Chromatin immunoprecipitation analysis with antibodies to
ER indicated that ER was associated with the EBAG9 promoter in
the presence of antagonist (Fig. 6). Examination of the recruitment
kinetics of specific repressor proteins revealed association of
NCoR/HDAC3 complex components within 20 to 30 minutes of
tamoxifen treatment. Maximal levels of HDAC3 and NCoR binding
were achieved within 40 minutes followed by a slight decline in
promoter occupancy 2 hours post-treatment (Fig. 6). In contrast,
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tamoxifen-bound reactivated ER-NCoR-

Input IgG HDAC3 NCoR MTAIl Input

1T 1
IgG  HDAC3 NCoR MTA] < Second IP

HDAC3 complex and tamoxifen-bound Tamoxifen ' - +'' . +
reactivated ER-NuRD-HDAC2 complex.
A, cross-linked chromatin was
immunoprecipitated with antibodies
specific for HDAC2 from MDA-MB-231
cells treated as detailed in Fig. 3 and the
immune complexes were pulled down
with protein A/G agarose/salmon sperm
DNA beads, supernatants were saved,
and beads were washed extensively as
described in Materials and Methods. Bead
eluates from the first immunoprecipitation
were incubated with 10 mmol/L DTT

at 37°C for 30 minutes and diluted

1:50 in dilution buffer followed by 1 2 3 4
reimmunoprecipitation with the
second antibodies as indicated. B

EBAGY

cathepsin D

IGF1
6 7 8 9 10 1112 13 14 15 16 17 18 19 20

First IP : HDAC2

Reimmunoprecipitation on supernatants
was done essentially the same as primary

Precipitates

Supernatant

immunoprecipitations. After second
immunoprecipitations, cross-linking was Input

IgG HDAC2 NCoR MTAIl Input

1T 1
IgG HDAC2 NCoR MTAl <« Second IP

reversed and the purified DNA was Tamoxifen . +17_ +
analyzed by PCR using primers spanning

the EREs of EBAGY, cathepsin D,
c-Myc, and IGF-I gene promoters.

B, chromatin was immunoprecipitated
first with antibodies specific for HDAC3
and the experiment was done exactly
the same way as in (A) using second
antibodies as indicated and the purified
DNA was analyzed by PCR using
primers spanning the EREs of EBAGY,
cathepsin D, c-Myc, and IGF-I gene
promoters.

EBAGY

cMyc

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

www.aacrjournals.org 6

Cancer Res 2006; 66: (12). June 15, 2006



Cancer Research

APPENDIX |

(=1
w

100 15 20" 30 40° 50° 60’ 2h

ERo
HDAC3
NCoR
TBL1
HDAC2
Mi2
MTA1

IgG

Input

—_
[\
W
&
w
(=2}
2
=)
Nel
)

Figure 6. Dynamics of assembly of tamoxifen-bound reactivated ER-NCoR-
HDAC3 complex and tamoxifen-bound reactivated ER-NuRD-HDAC2 complex.
Chromatin immunoprecipitation assays were done as described earlier.
MDA-MB-231 cells were pretreated with 5-aza-dC (2.5 pmol/L for 72 hours) and
trichostatin A (100 ng/mL for 12 hours) as described in Materials and Methods,
and cells were treated with 1 pmol/L 4-hydroxytamoxifen for varying lengths

of time as indicated above the lanes. Right, antibodies used for chromatin
immunoprecipitation. Recruitment of tamoxifen-bound reactivated ER to

EBAG9 promoter was observed within 5 minutes of tamoxifen treatment, whereas
NCoR-TBL1-HDAC3 complex gets recruited in 20 to 30 minutes followed by the
binding of the components of NuRD complex by 40 minutes of tamoxifen
treatment.

recruitment of the NuRD complex components, HDAC2, Mi2, and
MTAL1, displayed considerably slower kinetics. Detectable occu-
pancy of the EBAG9 promoter by NuRD components did not occur
until 40 minutes after tamoxifen treatment, with maximal levels
occurring 50 to 60 minutes post-treatment (Fig. 6). In summary, the
data in Fig. 6 suggest that tamoxifen-mediated repression of ER-
responsive genes involves the sequential recruitment of multi-
protein corepressor complexes with components of the NCoR/
HDAC3 complex preceding that of NuRD/HDAC2 complex.
Collectively, these result indicate that epigenetic reactivation of
the ER gene in MDA-MB-231 cells sensitizes ER-negative cells to
the antagonistic effects of tamoxifen involving modulation of
expression of ER-responsive genes via ordered recruitment of
distinct corepressor complexes.

Discussion

The effects of endocrine therapy are primarily mediated through
the ER; therefore, ER expression is a strong predictor of response to
SERM treatment. Indeed, lack of ER expression is the dominant
mechanism of de novo resistance to SERMs, such as tamoxifen
(1-3). In addition, during breast cancer progression, many initially
ER-positive tumors lose ER expression and attain hormone un-
responsiveness (4, 5). ER-negative tumors are more aggressive, and
considering the ability of these tumors to metastasize and their
heterogeneity, new therapies or strategies for sensitization of
ER-negative tumors to endocrine treatment are required.

Several enzymatic inhibitors targeting HDACs have been
developed with good in vivo bioavailability and intracellular

capability to inhibit HDAC. Preclinical studies and initial clinical
trials indicate that HDAC inhibitors from different structural
classes are very well tolerated and exhibit clinical activity against a
variety of human cancers (31, 32). The hydroxamate trichostatin A
was shown previously to have an in vivo antitumor activity with
daily parenteral dosing associated with little systemic toxicity (33).
The greatest potential of HDAC inhibitors lies in their ability to
modulate the activity of other therapeutic agents. Demethylating
agents, such as 5-aza-dC, are particularly interesting candidates,
owing to the interaction of DNA methylation with histone
deacetylation in gene silencing of tumor suppressor genes.
Combined treatment of trichostatin A or depsipeptide with 5-
aza-dC has been shown to synergistically reactivate silenced tumor
suppressor genes in human cancer cells, including MLH1, TIMP3,
CDKN2B, CDKN2A, gelsolin, and maspin (34, 35).

We have shown previously that treatment of ER-negative breast
cancer cells with DNMT and HDAC inhibitors leads to reactivation
of expression of functional ER (18). We explored this strategy for
sensitizing ER-negative breast cancer cells to tamoxifen. We found
that ER-negative breast cancer cells can be sensitized to antitumor
effects of tamoxifen by combined treatment with 5-aza-dC/
trichostatin A, underscoring the importance of drugs having the
potential to derepress the expression of epigenetically silenced key
genes in cancer therapeutics. Previously, other laboratories have
transfected ERa recombinant cDNA into the MDA-MB-231 cells in
an attempt to recover normal estrogen and antiestrogen respon-
siveness. The unliganded ER was found to inhibit the invasiveness
and growth of MDA-MB-231 cells transfected with ER (36).
However, whereas E, inhibited cell growth and invasiveness to
some extent, tamoxifen had no effect (37, 38), indicating that
transfecting ER into ER-negative breast cancer cells is not sufficient
to sensitize these unresponsive cells to endocrine therapy. In
addition, this approach is not directly translatable to clinical
studies.

Tamoxifen is a potent ER antagonist and its pharmacology has
been reviewed extensively (39). Many studies focusing on the
mechanism of action of tamoxifen have indicated that this
compound acts in both a cytostatic (causing Gy-G; arrest) and a
cytotoxic (inducing apoptosis) manner (40, 41). We show here that
tamoxifen-induced growth inhibition of 5-aza-dC/trichostatin A-
pretreated cells involves apoptosis as indicated by cleavage of
caspase-3 and its downstream target PARP. Tamoxifen induced
down-regulation of Bcl-2 in MDA-MB-231 cells reexpressing ER
without any alteration at Bax expression as reported earlier for
MCEF7 cells (42), indicating the involvement of Bcl-2 family in
tamoxifen-mediated cell death.

The findings that reactivation of ER can direct tamoxifen-
dependent repression of endogenous ER target genes indicates that
5-aza-dC/trichostatin A reactivated ER is able to interact with both
agonists and antagonists to modulate transcription. Tamoxifen
mainly exerts its antiproliferative action by binding competitively
to ER, modulating the ER-mediated transcriptional cascade.
Agonist-bound ER adopts a conformation in which «-helices
(3, 5, and 12) in the LBD form a hydrophobic cleft (AF-2), providing
a binding surface for NR boxes (LXXLL motifs) in coactivators. ER
antagonists, such as tamoxifen, have a bulky side chain that
sterically modulates the conformation of the hydrophobic cleft
(AF-2) with helix 12 binding to the AF-2 cleft with its own intrinsic
NR box, occluding the binding of coactivators. Antagonist-
mediated inhibition of ER not only is a passive process resulting
from repositioning of helix 12, thereby blocking the coactivator
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binding (10), but also involves the active recruitment of
corepressors to form repressive ER complex at ER target genes.

To comprehend the molecular basis of repression of ER-
responsive genes by tamoxifen-bound reactivated ER in ER-
negative breast cancer cells, it is important to decipher the nature
of corepressor complex involved in these antagonistic actions. Our
studies with tamoxifen-bound reactivated ER show the formation
of a distinct complex containing HDAC3, NCoR, and TBL1 on
promoter regions of ER-responsive genes. Other studies have also
shown that HDAC3 is the major HDAC associated with NCoR/
SMRT complexes and NCoR interacts directly with HDAC3 through
a deacetylase-activating domain activating HDAC3 activity (15, 16).
TBLI then recognizes and binds the resultant deacetylated histone
tails, further stabilizing the binding of this multiprotein complex
leading to repression. TBL1 and TBLR1 are not required for HDAC3
activity or initial binding of the NCoR/SMRT complex to nuclear
receptors, but they can interact with core histones to stabilize the
binding. This is similar to the role of RbAp46 and RbAp48 in NuRD
complex. Whereas RbAp48 binds to H2A, H3, and H4, TBL1 bind
preferentially to H2B and H4. We observed binding of NuRD
complex to the ER-responsive promoters in ER-negative breast
cancer cells reexpressing functional ER, and this recruitment was
specifically dependent on tamoxifen treatment as no binding was
observed in the presence of estrogen.

Combinatorial utilization of multiple corepressor complexes
may be required to achieve physiologic levels of repression on some
promoters, whereas on other promoters different complexes might
get recruited independent of each other. NCoR directly interacts
with nuclear receptors via its NR box-related conserved bipartite
NR interaction domain containing L/IXXI/VI sequence (16),
anchoring NCoR/HDAC3 multiprotein complex. NCoR can also
interact with components of both the SAP and the NuRD
complexes (30), suggesting that NCoR and NuRD complexes could
be corecruited to ER or other nuclear receptor gene targets. Our
chromatin immunoprecipitation/reimmunoprecipitation data
show that both NCoR/HDAC3 and NuRD complex bind to ER-
responsive promoters containing either classic or nonclassic ERE
promoters in a mutually exclusive manner. Mutually exclusive
binding of both NCoR and NuRD corepressor complexes rules out
the possibility of NCoR-mediated recruitment of NuRD complex at
least in tamoxifen-bound reactivated ER. Because human NuRD
complex is a multisubunit protein complex, it is possible that it
gets recruited using one of its own subunits as the anchoring
protein. Biochemical and immunofluorescence studies have shown
that MTA1 interacts directly with the ER (43). However, whether
MTAL targets the NuRD complex to ER-responsive promoter has
not been elucidated. Other candidate subunits of the NuRD
complex are methyl-binding proteins, such as MBD2 and MBD3.
Whereas human MBD3 does not recognize methylated DNA (44),
MBD2 might direct the recruitment of NuRD complex to
methylated loci at target gene promoters (45). Our time-course
experiments, however, suggest that a DNA methylation-mediated
mechanism is unlikely, as NuRD complex components were
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